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ABSTRACT
The objective of this thesis is to improve the atomic oxygen resistance of
polyimide Kapton by incorporating zirconium components. Toward this end,
zirconium complexes/polyimide "composites",. zirconium-containing
poly(maleimide)/ polyimide
"blends"
and polyimide polymers with zirconium
complexes as
"pendants" have been investigated.
Tetra(acetylacetonato)zirconium(IV), Zr(acac)4_ has been identified as the best
zirconium-containing atomic oxygen resistance component for polyimide composites
with good film uniformity, flexibility and tensile strength. A 24-layer 10%
Zr(acac)4/PI (mol/mol) composite film shows a 20 fold improvement of atomic
oxygen resistance over pure polyimide. However, a 10% by mole upper limit of
Zr(acac)4 in PI was encountered, above which films become brittle and crack upon
imidization. Some initial phase separation in the 10% by mole film was revealed by
Scanning Electronic Microscopy (SEM).
In order to increase the upper limit of inorganic component, (4-amino-N,N'-
disalicylidene- 1,2- henylenediaminato)(N,N'-disalicylidene-1 ,2-phenylenediaminato)
zirconium(IV), Zr(adsp)(dsp), was synthesized and bonded to poly(maleic anhydride).
The pendant polymer was then mixed with polyamic acid ofKapton. The upper limit
was moved up to 8% by mole from 4% by mole for Zr(dsp)2.
To further increase the zirconium incorporation ratio, Zr(adsp)(dsp) was directly
bonded to a Kapton-like terpolymer and 30% by mole has been achieved. Further
research needs to be done to improve the film quality made from this terpolymer.
CHAPTER I
INTRODUCTION: ATOMIC OXYGEN RESISTANT POLYIMIDES
The International Space Station (ISS) solar array is being designed to provide the
primary power for the first phase of the
station.1Polyimide Kapton (Dupont, Figure
1.1) was the material originally selected for the structural support of the solar cells for
the flexible array. Its low density, flexibility, strength and thermostability make it a
promising material for this application. However, it is readily oxidized by atomic
oxygen in the Low Earth Orbital (LEO)
environment.2"4
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Figure 1.1 The chemical structure ofDupont' s polyimide Kapton
The existence of atomic oxygen (AO) in the LEO environment has been known
for many years. However, it was not until the retrieval of the orbital hardware flown
on the space shuttle that an awareness of AO reaction with polymers in LEO became
apparent.5Single, neutral oxygen atoms in the ground state are the most predominant
species in LEO between the altitutes of 1 80 and 650 km.6 As spacecraft pass through
the atmosphere at these altitudes, they collide with the oxygen atoms with an
equivalent energy ranging from 3.3 to 5.5 eV. These collisions are energetic enough
to break many chemical bonds and allow the highly reactive AO to oxidize many
organic and some metallic
materials.3The volume of organic material oxidized per
incident AO atom, called the erosion yield, was found to be
3.0xl0"24
cm3/atom for
polyimide
Kapton.7 When AO reacts with polymers it forms gaseous oxidation
products (primarily CO) which results in material losses that can hinder system
performance.8The ISS solar array is designed for a 15 years operating life in LEO.
However, the oxidation rate of Kapton is great enough that structural failure of the
blanket would occur in much less than 15 years. If an ISS photovoltaic array blanket
was made of polyimide Kapton alone, it would be oxidized in six months, in spite of
its 15 -year durability requirement.
Although efforts have been made to identify alternative materials which might be
more durable to AO attack than polyimide Kapton, no satisfactory substitute has been
found.
Protective films containing a high fraction of metal oxides, such as Si02,
fluoropolymer filled Si02, and AI2O3 films, have been demonstrated in both ground
and space tests to be effective in protecting polyimide Kapton from oxidation by LEO
AO.9"" However, although such coatings are themselves AO durable, defects in these
coatings, which typically result from surface irregularities, contaminant particles,
abrasion during processing and/or debris impacts in space, do allow AO attack of the
underlying Kapton. Because unreacted AO can penetrate through defect areas on
protective oxide coating, gradual undercutting occurs. Undercutting oxidation at
defect sites ultimately leads to complete oxidation of the underlying Kapton if
sufficiently high AO exposure
occurs.9
To avoid the shortcoming of metal oxide coated Kapton, a modified Kapton
designated as AOR (Atomic Oxygen Resistant) Kapton has been proposed as a back
up material for the ISS solar array design. It is a homogeneous dimethylpolysiloxane-
polyimide film cast from a solution mixture and is manufactured by Dupont in an
experimental batch process. The dimethylpolysiloxane is added to the polyimide in an
attempt to make the material resistant to attack by AO since polysiloxane forms metal
oxide upon AO exposure. Nonvolatile metal oxides, where the oxidation state of the
metal matches the valency of its family in the periodic table, scatter AO upon collision
and thus are highly resistant to AO attack. The ground-based plasma ashing tests
performed at NASA showed that AOR Kapton represents a significant improvement
in AO resistance over pure Kapton. The weight loss was between 1 0 and 1 7% that of
unprotected Kapton in the plasma asher. While this is a significant improvement
over polyimide Kapton, the material does degrade and eventually structurally fails
upon arrival of between 7 and lOx 1021 atoms/cm of random atomic oxygen.6In
addition, AO interactions with potential synergistic UV effects on silicon materials on
LDEF have been shown to result in the formation of volatile vacuum condensible
silicon intermediates. The deposition of a dark contaminant film on adjoining surface
has potential for causing reduced solar illumination of the solar cells, which will
greatly reduce the operating life of
spacecraft.1'13
In 1993, Dr. M. L. Illingsworth found that a zirconium complex produced no
volatile intermediates upon ground-based plasma AO exposure. A sapphire disk
located adjacent to a glassy film of the zirconium material bis(N,N'-disalicylidene-l,2-
phenylenediaminato)zirconium(IV), Zr(dsp)2, did not show any zirconium upon
examination by x-ray photoelectron spectrometry (XPS).14 This discovery actually set
the stage for this project.
In addition, zirconium complexes were thought to have all other properties
required for AOR materials:
a) Zr02 has standard formation free energy AGf= -1042.8 kJ/mol 15 and
therefore is one of the most stable metal oxides;
b) Organically wrapped Zr complexes should blend well with and thus distribute
well in the polyamic acid ofKapton;
c) A ZrO: protective layer should form upon AO attack. If it cracks, more Zr02
will be formed by the exposed AOR polymer;
d) Zr is relatively abundant and is not expensive: Zr ranks 18th in terms of
abundance in the earth's crust.1699.9% purity Zr is about
$222.2/kg..17
Based on these judgements, John Terschak tried to mix Zr(dsp)2 with polyamic
acid ofKapton. However, visible phase separation was observed and very brittle film
was obtained when the amount of Zr(dsp)2 was increased to 4% by mole, which was
not enough to form a protective layer when plasma etched. It was readily recognized
that the phase separation and film quality were the main obstacles to achieving good
AO resistance for the zirconium containing polyimide materials.
In this thesis the compatibility of zirconium complexes with Kapton and the AO
resistance of polyimide Kapton - zirconium complex composites were investigated
first (Chapter II). The upper limit of incorporated zirconium has been brought up to
10% by mole as Zr(acac)4 was found to be the best complex candidate so far. The film
made from 10% Zr(acac)4/polyimide (mol/mol) composite showed good film
uniformity, flexibility and tensile strength.19Upon forming a white zirconium dioxide
protective layer on the surface, it demonstrated good AO resistance. Plasma ashing
test conducted at RIT showed promising results. A 24-layer 10% Zr(acac)4 /polyimide
(mol/mol) sample tested at NASA Lewis Center demonstrated that the composites
have improved the AO resistance by at least 20 times.
Phase separation leading to low film quality is the most probable explanation for
the observed upper limit to the incorporation of inorganic component. Therefore,
Chapters EQ and IV are concerned with the appending of zirconium complexes to
polymers in order to increase the upper limit of inorganic component concentration.
In Chapter IJJ, the synthesis of (4-amino-N,N'-disalicylidene-l,2-phenylenediaminato)
(N,N'-disalicylidene-l,2-phenylenediaminato) zirconium(IV), Zr(adsp)(dsp) 20 and its
reaction with poly(maleic anhydride) are described. The resulting pendant polymer
was then mixed with the polyamic acid ofKapton and imidized. The upper limit was
moved to 8% by mole from 4% by mole where Zr(dsp)2 was directly mixed with
polyamic acid of Kapton. In Chapter IV, the bonding of Zr(adsp)(dsp) directly to a
Kapton-like terpolymer is described, with 30% by mole of zirconium incorporation
achieved.
CHAPTER II
MULTI-LAYER Zr(acac)4 /POLYIMIDE COMPOSITES:
IMPROVED ATOMIC OXYGEN RESISTANCE
INTRODUCTION
From the eight zirconium complex candidates investigated, tetra(acetylacetonato)
zirconium(IV), Zr(acac)4, has been identified as the best zirconium-containing atomic
oxygen resistance component for polyimide composites so far. The method of film
making was developed. Film samples were exposed to atomic oxygen in a RF plasma
asher at RIT and then at NASA to simulate the survivability of the materials in LEO
(Low Earth Orbital) environment. Phase separation that has been revealed under SEM
before AO erosion is the most possible reason that 10% by mole is the upper limit of
Zr(acac)4 that can be incorporated into polyimide Kapton to maintain good film
quality.
EXPERIMENTAL
Inorganic Component Screening
Eight inorganic component (Cp)2Zr(Cl)(OAc) (Cp: pentahaptocyclopentadienyl),
(Cp)2Zr(Cl)(H), Zr(OBu)4, Zr(ox)2, ZrOCl2.8H20, ZrH2, Zr(dsp)2 and Zr(acac)4 were
separately mixed with commercial polyamic acid of Kapton solution. Films of these
eight types of mixture were made and then imidized by baking at 100C, 200C and
300C for one hour each. ' Film quality was examined visually.
StartingMaterials
Tetra(acetylacetonato)zirconium(IV) (Aldrich) was purified by recrystallization
before use. Typically, 2.0g Zr(acac)4 (0.0041 mol) was dissolved in 3.0 ml of
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benzene. The solution was filtered to remove zirconium dioxide which had formed
from decomposition of Zr(acac)4. Then 2 ml of hexane was added into the filtrate.
The solution was put in a refrigerator at 0C for 30 minutes. White needle like crystals
were formed, suction filtered and air dried. Melting point of the recrystallized
Zr(acac)4 was 192-194C (uncorrected, literature, 195C 22).
Polyamic acid of Kapton (Dupont) 15.5% by weight solution in N-methyl-2-
pyrrolidinone (NMP) was stored in cold room and used as received. NMP (Aldrich,
anhydrous, sure seal) was used without further purification and was stored under slight
positive pressure of nitrogen.
Zr(acac)4 /Polyimide Composite Films
The Zr(acac)4 /polyimide composite was made by dissolving recrystallized
Zr(acac)4 in NMP, mixed with commercial polyamic acid ofKapton as calculated and
stirred for about 30 minutes. For typical 10% by mol ofZr(acac)4 composite, 95.0 mg
of Zr(acac)4 was dissolved in 5.0 ml of NMP and mixed with 5.00g of commercial
polyamic acid of Kapton. The viscous solution was cast on clean glass substrate to
form a thin film. The film was baked at 100C, 200C and 300C for one hour each.
Following the exact same procedure, the second layer film was cast on the top of the
first layer, so and so forth. In one experiment this process produced a film having 24
layers.
Plasma Ashing Tests
The preliminary plasma ashing tests of 13-layer 10% Zr(acac)4/PI (mol/mol)
sample and pure polyimide Kapton (from commercial polyamic acid) were conducted
at Rochester Institute ofTechnology in a Plasmaline plasma asher. The pressure used
is 80 mTorr. Two free standing films for each type of sample were ashed. The
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average result is reported. The dimensions of each sample were measured for
calculating plasma exposure area. All four samples were weighted before ashing, and
after 0.5, 1.5, 2.5, 3.5, 5.0, 7.0, 9.0, 1 1.0 hours of ashing.
The atomic oxygen durability of a 24 layer composite sample was further
evaluated in a plasma asher (SPI Plasma Prep II) at the NASA Lewis Research Center.
The asher used a 13.56 MHz RF discharge to create an air plasma of oxygen and
nitrogen ions and atoms in various energy states in a glass sample chamber kept at 80-
100 mTorr. A graphite witness coupon coated on glass substrate was ashed alone
before the actual sample was ashed to determine the flux and examine the
contamination of the asher. The evaluation was performed with a polyimide Kapton
witness coupon in the asher during testing. Both the sample and the witness coupon
were placed in a vacuum desiccator to remove moisture before ashing. The
dimensions of the witness coupon were measured for calculating fluence of atomic
oxygen and the thickness of the 24-layer composite sample was also measured by a
Sloan Dek Tac II profilometer. The exposure of the sample was continued until only
little amount of brown color remained on the glass substrate. Photos were taken of the
sample before and after 212.7 hours ofplasma ashing.
Scanning ElectronicMicroscopy (SEM) Study
The surfaces of the single layer 10% Zr(acac)4/PI (mol/mol) sample before and
after three hours ofplasma ashing were examined by SEM. Spot size used is 500, KV
setting is 30 kv and the magnification is 320 (before ashing) and 2,500 (after ashing)
specifically.
RESULTS
Inorganic ComponentScreening
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From eight inorganic components examined, Zr(acac)4 is found to be the best.
(Cp)2Zr(Cl)(H) reacts with polyamic acid of Kapton and forms gel. Small amount of
ZrH2 decreases the viscosity of polyamic acid dramatically which is very difficult to
make good films. The rest of them, Zr(OBu)4, Zr(oxalato)2, ZrOCl2.8H20 and Zr(dsp)2
either caused film cracking or brittleness or scorched during imidization, are not
suitable for this study.
StartingMaterials
The structures of Zr(acac)4 and polyamic acid of Kapton are presented in the
Figure 2.1.
(b)
Figure 2.1 Structure ofZr(acac)4 (a) and polyamic acid ofKapton (b)
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Zr(acac) 4 /Polyimide Composite Films
The dissolution rate of Zr(acac)4 in NMP solvent is very slow. It takes at least 12
hours to dissolve 95 mg ofZr(acac)4 in 5 ml NMP to give a 0.019 g/ml solution.
The upper limit of Zr(acac)4 that can be incorporated into a polyimide film and
still maintain the good flexibility of the film is 10% by mole. Beyond that, the
composites show an unacceptable degree of brittleness. Composite films having this
composition have to be made very thin; otherwise, the films crack after imidization.
The viscosity of the composite solution is another very important factor for forming
good films. Solutions with very high viscosity tend to form thick films which will
crack after imidization; however, solutions that are too dilute do not stay in place on
the substrate well which often causes the non-uniformity of the films. Practically, for
10% by mole of Zr(acac)4 composites, 1 ml of 0.019 g/ml Zr(acac)4 in NMP solution
mixes with 1 gram of commercial polyamic acid ofKapton produces the best results.
It is found that Zr(acac)4 has the ability to increase the viscosity ofZr(acacVpolyamic
acid composite. Qualitatively, the more Zr(acac)4 is added into polyamic acid, the
more viscous the mixture appears to be. Aging of the composite is another important
factor. Letting the composite age for one hour before making film will help achieve
better film uniformity. Gel is formed if the composite solution sits over 24 hours.
PlasmaAshing Tests
1. Preliminaryplasma ashing test at Rochester Institute ofTechnology
Figure 2.2 displays the mass loss per unit area versus plasma exposure time of
pure polyimide Kapton and 10% Zr(acac)4/polyimide (mol/mol) composite. It is
clearly seen that the mass loss of 10% Zr(acac)4/polyimide (mol/mol) composite is
much slower compared to pure polyimide. Figure 2.3 is a plot of percentage ofmass
remaining of pure polyimide and 10% Zr(acac)4/polyimide (mol/mol) composite.
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About 50% ofmass remains for 10% Zr(acacVpolyimide (mol/mol) composite while
everything is gone for pure polyimide.
After plasma ashing, white zirconium dioxide layer was observed on the surface
of brown 10% Zr(acac)4/polyimide (mol/mol) composite, which retards the erosion of
underlying polymer.
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Figure 2.2 Mass loss per unit area versus plasma exposure time ofpure polyimide
Kapton and 10% Zr(acac)4/PI (mol/mol) composite
2. Plasma ashing test at NASA
a). Visual observation
The original 24-layer 1 0% Zr(acac)4/TI (mol/mol) sample has darker brown color
than pure Kapton. During first 4 days of ashing, there was no significant change on
the surface. In the fifth day, chalky white tint appeared and covered whole top surface
of sample. The sample under the white layer appeared to be darker than original.
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Figure 2.3 Percentage ofmass remaining per unit area versus plasma exposure
time ofpure polyimide Kapton and 10% Zr(acacyPI (mol/mol) composite
Next 7 days, the sample looked very similar as the 5th day. In the 13th day, the
sample polymer had a rough appearance around edges. In the 19th day, the sample
looked like before but seemed to be thinner in some areas. In the 23rd day, the sample
was still dominated by a dark brown appearance with a white coating. Some edge
areas started to appear very white with no dark brown color. In the 30th day, the
sample showed more white on the surface, and there was no brown color left in part
of the central area. About 90% of area still had intense dark brown color. In the 44th
day, about 75% of the area still had brown polymer under the white protective layer.
The ashing was continued to 106.5 days, when 80% of the area was covered by pure
white layer. Photos of the sample before and after 212.7 hours of plasma ashing were
obtained, but not included here due to bad contrast after photocopy.
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b). Fluence, flux and erosion yield
The fluence here is the number of oxygen atom impacts per unit area of sample in
the plasma asher. Flux is the number of oxygen atoms per unit area per second in the
plasma asher. Fluence equals to flux multiply by time. The volume of organic
material oxidized per incident atomic oxygen atom is called erosion yield. The
erosion yield for polyimide Kapton is
3x10"
cm /atom.
Fluence and flux of the plasma asher used at NASA was determined by using the
following
equation:24
Amass
Fluence = (1)
(area). ( p KaPton > (Ey)
Fluence =flux * time (2)
Where, Amass mass loss of samples
area exposed area of samples
p Kapton density ofKapton ( 1.42
g/cm3
)
Ey erosion yield ofKapton (
3xl0"24
cm3/atom)
The mass of the pure Kapton sample (1" diameter) before exposure was
36.923mg and became 1 1.087mg after exposed for 180,300 seconds, i.e., 50 hours.
Change in mass of sample=36.923mg -11.087mg = 25.836mg = 0.025836g
Area of exposure = n * ( 1 inch * 2.54cm/inch/2) = 5.07 cm
Time of exposure = 180,300 seconds
According to equation (1), fluence= 1.1 96x10
'atoms/cm2
1 ^ 9
According to equation (2), flux = 6.63x10 atoms/cm second
The flux value agrees well with other flux values determined experimentally
using the same asher in past
experiments.24
The thickness of the 24-layer 10% Zr(acac)4/PI (mol/mol) composite sample
measured by profilometer is 0.032 mm. The cumulative plasma exposure time and
fluence of 24-layer 10% Zr(acac)4/PI (mol/mol) composite sample is 9,205,500
17
seconds and
6.10xl022
atoms/cm2, respectively. The erosion yield can be calculated
by using equation (5) obtained as follows: 24
From equation (1), we have
Amass
fluence = (3)
(area). ( p ). (Ey)
Since Amass = area Athickness * p (4)
From (3) and (4), we have
fluence = Athickness / Ey
i.e., Ey = Athickness / fluence (5)
From equation (5), erosion rate of 24-layer sample is calculated to be 5.3x10"
cm3/atom, assuming that the thickness becomes zero after complete atomic oxygen
erosion.
c). Comparison with pure polyimide Kapton
Experimentally, pure polyimide Kapton with similar thickness as 24-layer 10%
Zr(acac)4/PI (mol/mol) sample was all eroded away in about 2 days in the same asher.
The actual time needed to erode pure polyimide Kapton with exactly same
thickness as 24-layer 10% Zr(acac)4/PI (mol/mol) sample can be calculated as well.
From equation (2) and (5), we can get
time = Athickness / ( Ey * flux ) (6)
Therefore, time needed to erode unprotected Kapton with same thickness of the
original Zr(acac)4/polyimide composite sample is,
0.00324 cm
time = = 162,987 seconds
3xl0"24 (cnrVatom) . (6.63xl015 atoms/cm2 second)
= 45.27 hours, about 2 days!
The pure Kapton with the same thickness can only last for less than two days,
while the 24-layer 10% Zr(acac)4/polyimide (mol/mol) sample lasts for 106.5 days.
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The endpoint was the loss of brown color. Only a white residue remained where x-ray
diffraction analysis showed that minimal crystallinity was present (Figure 2.4,
appendix B). Considering after about 40 days, the polymer around the edge was
eroded away, the actual exposure area became less than the original resulting in
decreased erosion rate. However, even if we discount the total exposure time to 40
days, the Zr(acac)4/polyimide still has improved atomic oxygen resistance by 20 times!
Scanning ElectronicMicroscopy(SEM) Study
Figure 2.5 is the SEM picture before ashing and after ashing. Aggregations were
found in the sample before atomic oxygen erosion. After 3 hours plasma ashing, there
is no change on the surface visually; however, the surface has been roughened
dramatically as observed under SEM with 2,500 magnification.
DISCUSSION
Inorganic Component Screening/StartingMaterials
From eight inorganic components examined, (Cp)2Zr(Cl)(H) and ZrH2 are too
reactive to form good composites. The gelation of (Cp)2Zr(Cl)(H) and polyamic acid
ofKapton is probably due to crosslinking. ZrH2 may act as chain scissioning reagent
which lowers viscosity dramatically. The mixtures of Zr(OBu)4, Zr(ox)2,
ZrOCl2 8H20, (Cp)2Zr(Cl)(OAc) each with polyamic acid of Kapton have poor film
quality either because of poor thermal stability or poor dispersity. The reason that
Zr(acac)4 is the most promising candidate so far may be the hydrogen bonding
between acetylacetonato ligand and polyimide.
Zr(acac)4 /Polyimide Composite Films
Suitable amount ofhydrogen bonding may help the distribution of Zr(acac)*
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Figure 2.5 Scanning Electronic Microscopy picture of 10% Zr(acac)4/PI (mol/mol)
composite before (top) and after 3 hours plasma ashing (bottom)
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throughout the polyamic acid matrix;, however, excessive hydrogen bonding may
increase viscosity dramatically and finally lead to gelation. This explains why one
hour of aging time helps to achieve the best film quality. At about one hour, a suitable
amount of hydrogen bonding has occurred which gives the best Zr(acac)4 distribution
and optimum viscosity for film-making. After 24-hour aging, 10% Zr(acac)4/PA
(mol/mol) forms one big chuck of gel, very likely, due to excessive hydrogen bonding.
Thick films crack during imidization. A possible explanation is that if film is too
thick, water generated from imidization reaction is trapped within film and causes
local degradation at temperatures which reach 300C. To generate film samples of
reasonable thickness and good quality, the method of "multi-layer thin
film"
should be
employed.
PlasmaAshing Tests
The 10% Zr(acac)4/PI (mol/mol) composite sample has demonstrated 20 fold
increasing in atomic oxygen resistance. To be used as longer lasting thermal control
blankets on spacecraft, testing in low earth orbital environment, where atomic oxygen
is 5 ev vs. 0.5 ev in asher is now needed.
Scanning ElectronicMicroscopy (SEM) Study
The SEM picture of 10% Zr(acac)4/PI (mol/mol) composite reveals its
heterogeneous characteristics. That Zr(acac)4 aggregates is the most possible reason
why the upper limit 10% by mole is reached. On the other hand, reasonably thick
(multi-layer) film is necessary in order to have enough zirconium to form reasonably
good Zr02 layer which can protect the underlying polymer.
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CHAPTER III
SYNTHESIS AND CHARACTERIZATION OF
POLY[MALEIMIDE-BIS(N,N'-DISALICYLIDENE-l,2-
PHENYLENEDIAMINATO)ZIRCONIUM(IV)] PENDANT
POLYMER
INTRODUCTION
In chapter II, polyimide-Zr complex composites have shown increased atomic
oxygen resistance by forming a zirconium dioxide, Zr02 layer, on the surface retarding
further oxidation.25However, there are relatively low limits for zirconium complex
concentration in the polymer matrix (10% by mol) before significant changes in
polymer properties occur preventing good film formation. By chemically attaching the
complex to a polyimide polymer and blending with Kapton, these limits could be
surpassed owing to less aggregation or phase separation, the suspected causes of the
film quality problem in composites with Zr concentration greater than 10% by mol. In
a former study from this lab, only 4% by mol of bis(N,N'-disalicylidene-l,2-
phenylenediaminato)zirconium(iV), Zr(dsp)2, could be mixed with polyamic acid of
1 8
Kapton before substantial film cracking occurred upon imidization. In this section
of research, (4-amino-N'N'-disalicylidene-l,2-phenylenediaminato) zirconium(lV),
Zr(adsp)(dsp), was synthesized.20The presence of the amino group allows further
reaction with the anhydride group in poly(maleic anhydride), thus appending the
complex to the polymer. The zirconium-containing poly(maleimide) was then blended
with polyamic acid ofKapton and imidized.
EXPERIMENTAL
StartingMaterials
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The mix ligand complex (4-amino-N,N'-disalicylidene-l,2-phenylenediaminato)
(N,N'-disalicylidene- 1 ,2-phenylenediaminato)zirconium(IV), Zr(adsp)(dsp) was
prepared according to the following procedures:
4-nitro-N,N'-disalicylidene-l,2-phenylenediamine,H2ndsp.26 4-nitro- 1
phenylenediamine 8.0g (0.0522mol) was added to 400ml absolute ethanol, 11.5ml
(0.104mol) salicylaldehyde was added to the suspension. The mixture was heated and
maintained at reflux for 8 hours. The bright yellow precipitation was suction filtered
and thoroughly washed with absolute ethanol. Air dry overnight, 8.4g of fluffy yellow
Schiff base was obtained, 50% yield.
The purity was confirmed by TLC (silica gel, 70% methylene chloride + 30%
hexane). Only one spot was observed in the resultant chromatogram.
2 K
^C
II
O
abs. EtOH
OH
4-nitro-1 ,2-phenylenediamine salicylaldehyde
Figure 3 . 1 Synthesis ofH2ndsp
N,N'-disalicylidene-l,2-phenylenediamine, H2dsp. 1 ,2-phenylenediamine 10.Og
(0.0935mol) and 14.4ml (0.187mol) of salicylaldehyde was added to a flask. Absolute
ethanol was added just enough to dissolve the starting materials. Reflux for 30
minutes. The precipitation was suction filtered and air dried. The reddish orange
crystal was obtained, 24.0g, 80% yield, mp 165-166C (uncorrected, literature 165-
166C27).
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The purity was confirmed by the same TLC system described above. Only one
spot was observed on the plate.
^C-H
OH O
salicylaldehyde
abs. EtOH
1 ,2-phenylenediamine
Figure 3.2 Synthesis ofH2dsp
(4-nitro-N,N'-disaIicylidene-l,2-phenylenediaminato)(N,N'-disalicyIidene-
l,2-phenylenediaminato)zirconium(IV), Zr(ndsp)(dsp). H2ndsp 8.0g (0.0221mol)
and H2dsp 7.0g (0.022 lmol) were suspended in 200ml THF. The mixture was heated
until reflux to dissolve these two Schiff bases. Under nitrogen atmosphere (glovebag),
tetra(n-butoxide)zirconium(TV) 10.12 ml (0.0221mol) was transferred to separation
funnel. The funnel was stopped, removed from glovebag and fitted to one neck of the
reaction flask. The Zr(0-t-Bu)4-n-BuOH was added into the flask dropwise. Stirring
at room temperature was continued for 10 more minutes. The products were then
eluted through an approximately 10 cm high silica gel column to remove the solid
impurity using THF as eluent.
(4-amino-N,N'-disalicylidene-l,2-phenyIenediaminato)(N,N'-disalicylidene-
l,2-phenylenediaminato)zirconium(IV), Zr(adsp)(dsp). The mixture of Zr(dsp)2,
Zr(dsp)(ndsp) and Zr(ndsp)2 in THF were placed in a Parr bottle and 1.5 g of Pd/C
catalyst was added. The mixture was then subjected to a hydrogen gas atmosphere of
60 lb./inch2 gauge pressure, with rocking, for 20 hours in a Parr pressure reaction
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apparatus. Completion of the hydrogenation reaction was confirmed by TLC of the
reaction mixture, 90/10 methylene chloride/ ethyl acetate as eluent. The higher Rf
yellow spot of Zr(ndsp)2 was no longer present at the end of the reaction. Instead, a
very low Rf spot of Zr(adsp)2 appeared. When hydrogenation was completed, the
catalyst was removed by suction filtration. The catalyst was washed with THF and
refiltered. The filtrates were combined with hexane and concentrated by rotary
evaporation. Reddish orange crystal were observed. More hexane was added to
induce further precipitation. The crystals were suction filtered, air dried, and their
purity was checked with TLC (silica gel, ethyl acetate-methylene chloride, 0.15:0.85).
Three clear spots were observed which were Zr(adsp)2 (the lowest Rf), Zr(adsp)(dsp)
(the middle spot) and Zr(dsp)2 (the highest spot). The mixture was then separated by a
silica gel column using an ethyl acetate-methylene chloride solution (0.15:0.85). The
second band was collected and rotary evaporated. Hexane was added to the
concentrated solution to induce crystallization. The crystals were filtered and air
dried. The purity was confirmed by TLC and its identity was confirmed by FT-IR and
'H-NMR. i-
Poly(maleic anhydride) ( Polyscience Inc.) was baked at 200C for 48 hours
before use. The identity of this light brown powder was confirmed by IR and
elemental analysis. GPC in THF was performed at Lucent Technologies.
Pendant Polymer Synthesis and Characterization
Poly(maleic anhydride) 0.200g (2.04mmol) and varying amount of mixed ligand
Zr(adsp)(dsp) 0.153g (0.204mmol), 0.191g (0.255mmol), 0.306g (0.408mmol), 0.382g
(0.510mmol) and 0.509g (0.68mmol) were added into flasks each with 50ml of THF
and stirred at room temperature for about 72 hours. The presence of any Zr(adsp)(dsp)
was determined by TLC (silica gel, ethyl acetate-methylene chloride, 0.15:0.85). The
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product of the 0.382g reaction solution was precipitated by hexane and air dried. The
dry polymer was then Soxhlet extracted by methylene chloride for 48 hours until no
yellow color was extracted from the polymer. The purity of the pendant polymer was
confirmed by TLC (silica gel, methylene chloride). The structure of the pendant
polymer was confirmed by elemental analysis, FT-ER andlH-NMR.
Disproportionation
The solution from the Soxhlet extraction was column purified (silica gel, ethyl
acetate-methylene chloride 0.15:0.85). The authentic Zr(dsp)2 was synthesized by
dissolving 7.000g (0.0221mol) H2dsp and 10.12ml (0.0221mol) tetra(n-
butoxide)zirconium(IV) in 80ml abs. ethanol, refluxing for 30 minutes and
filtered.27
The FT-IR and TLC (silica gel, THF-hexane, 1:1) were obtained for authentic Zr(dsp)2
and Soxhlet extracted samples for comparison.
Preparation of the Blends and Films ofthependantpolymer/Kapton
The purified pendant polymer was dissolved in DMAc (it was not soluble in
NMP) and mixed with commercial polyamic acid of Kapton in NMP. The Zr mole
percentage of the polymer blends were 4%, 8% and 10% respectively. The films were
prepared by uniformly spreading the polymer blend on glass plates and using standard
imidization procedure 21, i.e., baking the thin layers of solution at 100C, 200C and
300C for one hour each.
Scanning ElectronicMicroscopy (SEM) Study
The surface of the single layer Zr-PMA/polyimide blend sample which contain
8% by mole of zirconium before and after three hours of plasma ashing were
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examined by SEM. Spot size used is 200, KV setting is 30 kv and the magnification is
10,000.
RESULTS
StartingMaterials
The structure of Zr(adsp)(dsp) is shown in Figure 3.3. The FT-ER. and 'H-NMR
spectra of Zr(adsp)(dsp) match previous research (Figure 3.4 & 3.5, appendix
B).20'26'27 The characteristic peaks are: 3400cm"1, 1611cm"1, 1311cm"1 are N-H,
(C=N)-Zr, ((|)-0)-Zr stretching respectively. The weight loss of commercial
poly(maleic anhydride) was observed by TGA (Figure 3.6, appendix B). No
additional weight loss was observed after baking at 200C for 48 hours (Figure 3.7,
appendix B). The GPC results show that the number average molecular weight of this
commercial poly(maleic anhydride) is only 1,983 g/mol and the polydispersity is 1.092
(appendix C).
Zr(dsp)(adsp)
Figure 3.3 Structure ofZr(adsp)(dsp)
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Pendant Polymer Synthesis and Characterization
The reaction of poly(maleic anhydride) and Zr(adsp)(dsp) is slow under room
temperature. It takes about three days to reach equilibrium.
When 0.382 g (0.510mmol) Zr(adsp)(dsp) was mixed with 0.200g (2.04mmol)
poly(maleic anhydride) (25% by mol), no Zr(adsp)(dsp) was found in the product.
When 0.509g (0.680mmol) Zr(adsp)(dsp) was mixed with 0.200g (2.04mmol)
poly(maleic anhydride) (33% by mol), some Zr(adsp)(dsp) remained unreacted (tested
by TLC). Therefore, the upper limit of pendant incorporation was somewhere
between 25% by mol to 33% by mol.
Following Soxhlet extraction and vacuum drying at room temperature for at least
three days, pure yellow pendant polymer was obtained. Characteristic FT-ER. peaks
(Figure 3.8, appendix B) of the zirconium pendant groups present at 1611 and
1311cm"1
assigned to (C=N)-Zr, (<}>-0)-Zr stretching respectively. The ^-NMR
spectrum in d6-DMSO (Figure 3.9, appendix B) shows distinctive chemical shifts at
8.7 and 8.0 ppm, assigned to imines in ligands and amide hydrogen, respectively.
The elemental analysis results are: C, 53.3%; H, 3.65%; N, 5.69%. Since
nitrogen appears only in the zirconium complex, from nitrogen content, zirconium
mole percentage was calculated to be 21 to 24%. TGA analysis (Figure 3.10,
appendix B) showed that the decomposition temperature of Zr-PMA is about 280C.
The mole percentage of zirconium incorporated can be calculated from TGA analysis
as well.
mole % Zr in the pendant polyer
weight ofZr02/molecular weight ofZr02
* total weight ofZr/PMA - moles ofZr02* MW ofZr(dsp)(adsp)
molecular weight of repeating unit ofpoly(maleic anhydride)
= [601.3/125] / [(5552.6-601.3*747/125)798] * 100% = 24.0%
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The result from TGA agrees well with that from elemental analysis.
Disproportionation
A by-product was observed when the Zr-PMA pendant polymer was made. The
by-product was confirmed to be Zr(dsp)2 by TLC (50% methylene chloride, 50%
hexane) and FT-ER (Figure 3.11, appendix B) by comparison with the pure authentic
Zr(dsp)2 sample (Figure 3.12, appendix B). The RfS and ER spectra are exactly the
same for both samples. Zr(dsp)2 was not detected when pure Zr(adsp)(dsp) was
subjected to the same conditions used for pendant polymer synthesis or even when the
test was extended for a longer period of time.
Preparation ofthe Blends and Films of thependantpolymer/Kapton
The films contain 4% and 8% (mol/mol) zirconium were homogeneous, no visible
phase separation and flexible, while film cracking was observed for the films contain
10% (mol/mol) zirconium.
Scanning ElectronicMicroscopy(SEM) Study
Figure 3.13 is the SEM picture ofZr-PMA/PI films which contain 8% by mole of
zirconium after three hours of ashing. Under 10,000 or higher magnification, no phase
separation was observed on the film samples before ashing. After 3 hours of ashing,
worm-like surface topology was found.
DISCUSSION
StartingMaterials
The baking process for the commercial poly(maleic anhydride) is critical for the
synthesis of the pendant polymer. Without the baking procedure, the maximum
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pendant incorporation was 10%(mol/mol) rather than 25% (mol/mol) after baking,
indicating some anhydride groups in the commercial PMA have already changed to
carboxylic acids which will not participate in the reaction. [ If Zr(adsp)(dsp) is added
to give more than 10% (mol/mol), some will remain unreacted.]
Figure 3.13 SEM picture 8% by mole zirconium ofZr-PMA and polyimide
blends after 3 hours plasma ashing
Pendant Polymer Synthesis and Characterization
The characteristic FT-ER peaks of the zirconium pendant groups present at 1611
and
1311cm"1 indicate that the complex is present, and the absence of free
Zr(adsp)(dsp) in the TLC, we conclude that the complex is bonded to the polymer.
The 'H-NMR spectrum in d6-DMSO showing distinctive chemical shifts at 8.7 and
2.2-1.8, assigned to imines in ligands and polymer backbone, respectively. This
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confirms the presence of the Zr(adsp)(dsp) and polymer. The appearance of amide H
at chemical shift at 8.0 ppm in 'H-NMR verifies the amide bond was formed in the
pendant polymer, indicating that the complex is indeed attached.
The upper limit of pendant incorporation was determined to be 24%(mol/mol)
from TGA and 21%-24% by mol from elemental analysis. The fact that additional
Zr(adsp)(dsp) complex over 25% remains unreacted is believed to be due to the steric
effect of the pendant zirconium complex. The following is the size estimation of the
Zr(dsp)2 and the backbone polymer from bond length and angles.
24% by mol of the Zr incorporation is approximately one inorganic pendant in
every four repeating units ofpolymer backbone.
According to Figure 3.14(top), the length of four repeating units ofpolymer
backbone = 4./l.542+1.542-2.1.54.1.54.cosl09 = 10.030 A
According to Figure 3.14(bottom), the approximate size ofZr(dsp)2
-
2*(/2.0992+1.3192-2.2.099*1.319.cosl34
+ / 1.4052+1.3682-2*1.405.1.368.cosl21.2 )= 11.154 A
1 v~<54
c c c
tt*t^>
Figure 3.14 The estimation of size of backbone (top) and Zr(dsp)2 (bottom)
n
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The size of Zr(dsp)2 is even larger than that of four repeating units of the polymer
backbone according to the above calculations. Since the pendant groups can be
orientated to have a certain degree between them, or even at the different side of the
polymer main chain, that 24% by mol of Zr(adsp)(dsp) can be attached to polymer
backbone sounds reasonable.
Disproportionation
Since Zr(dsp)2 was not detected when pure Zr(adsp)(dsp) was subjected to same
reaction conditions used for the pendant polymer synthesis, or even when the test was
extended for a longer period of time, the formation of Zr(dsp)2 in the appending
reaction was not due to the disproportionation of Zr(adspXdsp) itself. A possible
mechanism by which the disproportionation occurs is shown in Figure 3.15.
^C COOH
O ^
NH
dsp
r-h--
Zr
i
dsp
dsp
Zr
i
dsp
I
NH
o^ 7
^C COOH
O \
NH
I
dsp
Zr
i
dsp
I
n NH
^C COOH
Zr(dsp)2
"^C COOH
Figure 3. 1 5 A possible mechanism by which the disproportionation occurs
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Preparation of the Blends and Films ofthependantpolymer/Kapton
As mentioned before, the upper limit of Zr(dsp)2 in Zr(dsp)2/TI composites was
4% (mol/mol). The limit has been moved up from 4% to 8% (mol/mol) of inorganic
component by using the pendant strategy. The compatibility of inorganic complex and
polymer component has been improved by bonding inorganic complex to a polymer.
Preparation of Zr-PMA blends with the polyamic acid of Kapton was necessary for
good film formation due to the low degree of polymerization of the commercial PMA
as confirmed by GPC at Lucent Technologies.
Scanning ElectronicMicroscopy (SEM) Study
The SEM pictures of Zr-PMA/PI films which contain 8% of zirconium by mole
reveal their homogeneous characteristics. Unlike Zr(acac)4, which apparently
aggregates to form clusters, zirconium-containing poly(maleimide) is compatible with
polyimide ofKapton when Zr-PMA in the blend is less than 8% by mole.
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CHAPTER IV
INVESTIGATION OF KAPTON-LIKE POLYAMIC ACID AND
POLYIMIDE POLYMERS WHICH CONTAIN PENDANT
BIS(QUADRIDENTATE)Zr(IV) COMPLEXES
INTRODUCTION
Polyimide composites, made by imidizing mixtures of Zr(acac)4 with polyamic
acid have shown increased atomic oxygen resistance through the formation of a
zirconium dioxide on the surface retarding further oxidation. However, an upper limit
of 1 0% (by mole) zirconium is reached above which significant changes in polymer
properties occur preventing good film formation and mechanic properties (chapter IT).
The polymer blend ofKapton polyimide and zirconium-containing PMA polyimide, as
described in chapter EH, encountered two problems: 1) a limitation of zirconium
incorporated in the zirconium-containing polyimide (up to 25% to 33% by mole) due
to disproportionation and steric effect, and 2) the lack of a common solvent for film
making. After blending the two polyamic acids in different solvent systems, an upper
limit of 8% by mole zirconium is reached, above which film cracking occurs upon
imidization. In this section of research, the zirconium complex has been attached
directly to the polyamic acid ofKapton. The advantages of this method lie in: a) the
higher zirconium mole percent limit (Even if the limit were the same as for Zr-
PMA/PI, the zirconium concentration will not be diluted due to blending), and b) the
solvent problem no longer exists.
Therefore, a terpolymer similar to Kapton was developed with functional groups
suitable for addition of the Zr(adsp)(dsp) complex. The additional carboxylic acid
groups on the terpolymer can be dehydrated to form anhydride rings allowing further
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reaction with the amino group of the complex thus appending the complex to the
polymer. The synthesis scheme of this synthesis is presented in Figure 4.1.
a,
COOH
COOH
Mellflcacid dian hydride (MADA)
SHhD-
Oxydianiline(ODA)
L LNH,
U%_-NH
COOH \^L/C00H
nh-Avmh
\ I \ H. ZrL
0 COOH o
Figure 4. 1 The synthesis scheme of the polyimide Zr pendant polymer
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EXPERIMENTAL
StartingMaterials
The mix ligand complex (4-amino-N,N'-disalicylidene-l,2-phenylenediaminato)
(N,N,-disalicylidene-l,2-phenylenediaminato)zirconium(EV), Zr(adsp)(dsp) was
prepared following the procedure described in the chapter HI.
ODA and PMDA (Aldrich) were sublimed before use. ODA or PMDA , 2 to 3
grams was put in a glass tube covered by a rubber stop with glass tubing connected to
vacuum, the temperature was maintained as close as possible to their melting point.
The sublimation was continued overnight. The melting points after sublimation:
ODA,188-190C; PMDA,285-287C.
The apparatus used for mellitic acid dianhydride (MADA) preparation shown in
Figure 4.2. Mellitic acid (TCI) was heated at 190C to 200C for 4 days. This was
achieved by using a drying pistol equipped with a thermometer, air inlet and air outlet.
The pistol was well insulated and ethylene glycol was boiled to produce a consent
temperature in the range of 190-200C.
Polymer Synthesis and Film Formation
The co-polymerization were performed with mole ratio of
MADA:PMDA:ODA=l:l:2. The sublimed PMDA was ground in a mortar before
use. Typically, PMDA 0.1090g (0.5000mmol), MADA 0.1530g (0.5000mmol), NMP
1.53ml and 0.0600g ofLiCl (2% by weight) were added to a 25ml flask which was set
up in an ice water bath. The flask was then covered with a rubber septum, and the
mixture was stirred for one hour or more to let PMDA and MADA dissolve. ODA
0.2000g (l.OOOmmol) was dissolved in 1.53 ml of NMP separately and was added
very slowly to the flask dropwise with a 2 ml syringe. By the time all the ODA was
added, a light brown colored viscous polymer solution was obtained.
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dry N2 inlet
N2 outlet
thermometer
ethylene glycol
Figure 4.2 Apparatus used for MADA preparation
The pendant polymer was prepared by addition of mixed ligand complex
Zr(adsp)(dsp) to the MADA:PMDA-ODA terpolymer. The addition was
accomplished via anhydride ring formation initiated with dicyclohexylcarbodiimide
(DCC) at room temperature. For a typical 30% by mole of pendant reaction, polymer
0.6305g (1.430mmol of repeating units) was mixed with 0.3200g(0.4300mmol)
Zr(adsp)(dsp), and 0.0884g(0.4300mmol) DCC in 1ml NMP was added slowly,
allowing time for the complex to react. If the reaction was done too quickly, a gel
formed preventing adequate stirring and subsequently slowing the reaction. An extra
amount of DCC was usually needed to insure complete reaction of the Zr(adsp)(dsp)
due to impurities in the reagent. After the reaction was complete, cyclohexyl urea
"W
formed as a by-product of the DCC was removed by cooling the solution to 0C and
allowing the urea to crystallize. The solution was then filtered. The polymer solution
was precipitated by slow addition of the pendant polymer solution to mechanically
stirred distilled water in a blender, thus separating the LiCl from the precipitated
polymer. The polymer was then vacuum dried at room temperature for at least three
days until it reached constant weight. Soxhlet extraction of the pendant polymer with
known solvents for complex was performed, and TLC separation on silica gel using
15% ethyl acetate-methylene chloride eluent was also performed in order to detect the
unreacted Zr(adsp)(dsp) and/or disproportionated zirconium complexes if there is any.
Films of the Zr-pendant polyimide were prepared by spreading its viscous NMP
solution on a glass substrate and then using a standard imidization procedure which
required heating the thin layers of solution at 100C, 200C and 300C for one hour
each.21
RESULTS
StartingMaterials
A benzene ring with anhydride groups in the 1,2 and 4,5 positions is the most
likely structure ofmellitic acid dianhydride (MADA) made from mellitic acid because
the rings formed from adjacent 1,2 and 3,4 anhydride have greater strain. Elemental
analysis confirmed the percentage of carbon and hydrogen. For Ci2H2Oio: C; 47.08,
H;0.66. Found: C; 48.13, H; 0.66.
Polymer Synthesis and Film Formation
The structure of terpolymer (MADA-PMDA:ODA) is shown in Figure 4.3. The
terpolymer solutions in NMP were viscous and light brown in color, which are similar
to commercially available PA ofKapton. The TLC of the polymers gave no spot
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Figure 4.3 Structure ofPMDA-MADA-ODA terpolymer
corresponding to free Zr(adsp)(dsp). In FT-ER spectrum (Figure 4.4, appendix B),
characteristic peaks of the zirconium pendant groups present at 1611 and 1311cm"1
assigned to (C=N)-Zr, (<f>-0)-Zr stretching respectively. ' ' No zirconium complex
was detected in the solvent after Soxhlet extracting the solid pendant polymer using
known solvent, which means the disproportionation happened to Zr(adsp)(dsp)
reacting with poly(maleic anhydride) does not happen in this system and 30% by mole
of zirconium has been bonded to polymer successfully.
DISCUSSION
The DCC is expected to form intramolecular and intermolecular anhydrides.
Intramolecular anhydrides can be formed on MADA-ODA mer units and are most
likely the favored reaction because of proximity. Slow addition of ODA is critical,
otherwise, gel is formed.
The characterizations performed, such as TLC and Soxhlet extraction, showed
that the zirconium complex was successfully appended to the polyamic acid
terpolymer. However, film made from 30% by mole of zirconium pendant polymer
itself cracks, probably because of low molecular weight of the pendant terpolymer
which maybe the direct consequence of reagent purity, especially MADA.
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Further study of this work can be done in these areas: 1) increase the molecular
weight of the pendant terpolymer by improving the purity of monomers, 2) optimize
the polymer recovery method, 3) improve the method used for filtering the by-product
of DCC reaction, 4) optimize and control the air flow rate when making MADA, and
5) study the terpolymers with different mole percentage of zirconium and their
relationships with atomic oxygen resistance.
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Appendix A: FIGURE CAPTIONS
Figure 1 . 1 The chemical structure ofDupont's polyimide Kapton (page 5)
Figure 2. 1 Structure ofZr(acac)4(a) and polyamic acid ofKapton(b) (page 13)
Figure 2.2 Mass loss per unit area versus plasma exposure time ofpure polyimide
Kapton and 10% Zr(acac)4/PI (mol/mol) composite (page 15)
Figure 2.3 Percentage ofmass remaining per unit area versus plasma exposure time
ofpure polyimide Kapton and 10% Zr(acacVPI (mol/mol) composite
(page 16)
Figure 2.4 X-ray diffraction spectrum of the surface of the 24-layer 10% Zr(acac)4/PI
(mol/mol) composite sample after complete ashing (appendix B)
Figure 2.5 Scanning Electronic Microscopy picture of 1 0% Zr(acacVPI (mol/mol)
composite before (top) and after 3 hours plasma ashing (bottom) (page 20)
Figure 3.1 Synthesis ofH2ndsp (page 23)
Figure 3.2 Synthesis ofH2dsp (page 24)
Figure 3.3 Structure ofZr(adsp)(dsp) (page 27)
Figure 3.4 FT-ER spectrum ofZr(adsp)(dsp) (appendix B)
Figure 3.5 lH-NMR spectrum ofZr(adsp)(dsp) (appendix B)
Figure 3.6 TGA of commercial poly(maleic anhydride) (appendix B)
Figure 3.7 TGA ofpoly(maleic anhydride) baking at 200C for 48 hours
(appendix B)
Figure 3.8 FT-ER spectrum ofZr-PMA pendant polymer (appendix B)
Figure 3.9 'H-NMR spectrum ofZr-PMA pendant polymer (appendix B)
Figure 3.10 TGA ofZr-PMA pendant polymer (appendix B)
Figure 3.11 FT-ER of the by-product of the reaction ofZr(adsp)(dsp) and PMA
(appendix B)
Figure 3.12 FT-ER spectrum of authentic Zr(dsp^ (appendix B)
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Figure 3.13 SEM picture 8% by mole of zirconium ofZr-PMA and polyimide blend
after 3 hours plasma ashing (page 30)
Figure 3.14 The estimation of size of backbone and Zr(dsp)2 (page 31)
Figure 3.15 A possible mechanism by which the disproportionation occurs (page 32)
Figure 4. 1 Synthesis scheme of the zirconium pendant terpolymer (page 35)
Figure 4.2 Apparatus used for MADA preparation (page 37)
Figure 4.3 Structure ofPMDA-MADA-ODA terpolymer (page 39)
Figure 4.4 FT-ER of 30% by mole of zirconium pendant terpolymer (appendix B)
46
Appendix B
cr
D
2
en
CD
o
CL
I
cr
en
o
o
IT)
O
6
o
<_t o
03
' o
03
en N
.1
O
)
o ,
' a
. .,
-^
~z <* 60
(N C
<U IS
r* CO
03
*-t <L)
o -i-
o JD
o "a
<2 S
s oo
co
-*
<D <a
^C <C
03
o <u
^ E
3 S
La 03
-4' CO
o
u
Q, ."t^
co CO
o
O
a,
S
^ o o
CS o
<+H
o
3 s>>
03 "o
t s.
~J
3
IX,
o
o
47
co
-a
03
N
o
S
3
i-
o
u
a
CO
I
3
00
48
W-.fUMQ.tt
2_d= J^Z'K r "
399B6
'
52SS2 C
:saec e
a,
CO
T3
&
en
T5
ca
N
o
o
a,
CO
1
X
n
rn
1-
3
2P
49
6n ei
o
o
u
T3
1*
T3
>
Ui
cvJ 03
^ O
CO
<u
03
s. s
>^+>
J o
<y Q,
X a
to
o
l-l
oio
e>*
a.
UJ
H
H
o
o
<**
o
<
O
H
u>
c- M=
m ro
~
<U
3
00
to
CO
o
C ^
i C i'O
3 F <t +- ^
r, Z C O
~
/\n via
o
o
o
CD
o
o
o
o
o
3
O
uitu/So 5J.Q
50
to -&1
3
O
Si
00
*
S-i
o
U
o
V) O
CM O
-<* (N
-+-
03
00
c
3
+J 03
ii -D
a> ,^-N
X D
>' -o
i-c
o -o
oo >%
a. -
2 03
UJ o
h- '5
03
^
O
a
io <j-(
r- o
rw
<
a
H
r-;
rn
__, u
C_ 3
~"
00
o ^
O
51
s
"o
a.
+^
a
03
T3
a
CL,
CL,
l
N
S
3
i-
o
o
o.
co
oo
<D
s-
3
00
52
O OkDiOrv
ria.a
a iflmoci- w ax= z -OQ _iO(_
s
"o
a,
c
03
a
c
<u
a.
53
3n ji_
' ' O
cr O c c
- - ^ w~
C"i o e E
n .
- ~ o
C => o o
e o o c
*v. o
cj CM
o ,
LJ
o
F o
co r~
^_
Ol ,
CD o
\
CO
C~l
o ^s
..T \
OJ o: ---
h 1 o c
V
CO
^/
I
1
^
I. J
o
.-\ OJ : CO
-i i c
c - .-
2j X)
F o.
f= X [ F.
o w ! d
o w". 1 1 O'J
co o CD
S e
DOO o
^ . ~ ~ /v CD
2TE 11 O
o. _,
a -vD(D C CD
l; i-. O)
.^sl W
O 1 OJ
E= <
co IS z> *
0-3 c- tr c
o
a
o
o
o
o
CD
O
id
O
O
, ^ u. w *~.
' a; m v o
AH
CD
o s
o >%
o
. a.
C05 .*
c c
03
co
-o
c
CU
a; CL
X
'
^
o S
u~>CJ) CU
CD
C_ N
<+-,
u:
i o
<
a
H
o
o
of 2
7 I
c-.
13
CO
I
UILU/0LU 91Q
CO
C
O
CD
en
m
u
3
00
54
-a
a
'ex
CO
'
CO
T3
03
N
a
o
03
CD
t
CU
-C
4-
O
o
3
T3
O
.>
4)
si
*-*
<4-l
o
Pi
I
H
LU
3
00
55
cu
N
c
4>
si
3
03
Cm
O
O
4)
O,
co
Ch
I
H
hU
4>
1-,
3
op
56
oa
03
T3
C
D
Q.
3
'2
o
O
o
"o
S
>-.
o
Cm
o
I
H
LU
4)
i_
3
00
57
Appendix C
Plasma Ashinq Data of 10% Zr/PI (mol/mol) (R]U
Area(cm*)
"
~3~00 3.24 4.25 4.23
Ash. Time PI-1 PI-2 Zr/PI-1 Zr/PI-2
0 hours 55.4 97 94.4 106.2
0.5 hours 52.5 89.2 89.8 100.4
1.5 hours 44.9 80.7 81.5 88.9
2.5 hours 37.7 73.7 73.7 81.3
3.5 hours 31.4 67.6 i 67.8' 76.5
5 hours 19.2 46.2 59.6' 68.4
7 hours 6.4 32.3 53.9! 62.6i
9 hours 0 20.6 49.9 58.5'
11 hours 0 0 45.7 54.0
Normalized weight (mg)
100.0 100.0 100.0 100.0
94.8 92.0 95.1 94.5
81.0, 83.2 86.3 83.7
68.1 76.0; 78.1 76.6
56.7'
69.7'
71.8 72.0
63.1 '64.4,34.7' 47.6'
""
11.6 33.3i
0.0! 21.2
57.1' 58.9'
52.9 55.1
0.0 0.0 48.4 50.8
Weight loss(mg)
0.0 0.0 0.0 0.0
5.2 8.0 4.9 5.5
16.8' 13.7 16.3
31.9s 24.0!
43.3: 30.3
21.9 23.4
28.2; 28.0!
65.3 52.4' 36.9, 35.6
88.4 66.7: 42.9' 41.1
100.0 78.8: 47.1 44.9:
100.0, 100-Oi 51.6. 49.2i
Weiqht loss per unit area (mg/cm2)
~ "
.
"
0.0! 0.0' 6.0T 0.0
1.7! 2.5 1.1 1.3
'
" ~
6.3i 5.2; 3.2' 3.9
10.6 7.4 5.2! 5.5
14.4 9.3 6.6 6.6
21.8 16.1 8.7 8.4
29.5I 20.5 10.1 9.71
33.3 24.2 11.1 10.6'
33.3! 30.8
Weight Loss
12.1' 11.6
% Weight Remaining
Ash Time Avg. PI Avg. Zr/PI Avg. PI Avg. Zr/PI
0.0 0.0 0.0 100.0 100.0
0.5 2.1 1.2 93.4 94.8
1.5 5.7 3.5 82.1 85.0
2.5 9.0, 5.4; 71.9: 77.3
3.5 11.9 6.6!
~^~
63".0: 71.9
5.0, 18.9i 8.5 41.0 63.8
7.0 25.0 9.9 22.1 58.0
9.0 28.8 10.9 10.3 54.0
11.0 32.1 11.9 0.0 49.6
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Rescale HP-plot Label Print. Screen Overlay_
UCAL 3 . 14 UNICAL SUMMARY REPORT
pma ENDED: 02/18/96 02:29: poly(maleic anhydride)
PARAMETERS
CONCENTRATION (mg/ml)
INJECTION VOLUME (ml)
DPT SENSITIVITY (mv/Pa)
INLET PRESSURE (KPa)
FLOW RATE (ml/min)
VISCOMETER OFFSET (ml)
ACQ. START TIME (min)
ACQ. STOP TIME (min)
DATA INTERVAL (sec)
SIGMA (ml)
TAU (C)
TAU (V)
THRESHOLD
MOLECULAR WEIGHT VALUES
.980
. 100
.171
43.878
1.000
.119
5.000
25.000
2.400
.150
.095
.103
.050
Mn (avg)
Mw (avg)
Mz (avg)
Mp
Mv (avg)
983E
165E
311E
417E
061E
POLYDISPERSITY RATIOS
Mw/Mn = 1.092
Mz/Mn = 1.165
SKEWNESS OF DISTRIBUTION
SKEW(n) = -.105
SKEW(w) = 2.035
METHOD:
CAL FILE
UCAL-BROAD
2-9-96
INTEGRATED DETECTOR SIGNALS
CONC (mv-ml) = 2.51
VISC (mv-ml) = 1.41
KARK-HOUWINK CONSTANTS
ALPHA -.128
LOG K -.845
UCAL 3.14
IV (dl/g)
VISCOTEK MODEL#
.077
100
UNICAL SUMMARY REPORT
pma ENDED: 02/18/96 02:29: poly(maleic anhydride)
BASELINE X Y
L. VISC 246 -373.32
R. VISC 381 -373.32
L. CONC 246 .20
R. CONC 346 .20
PARAMETERS
CONCENTRATION (mg/ml)
INJECTION VOLUME (ml)
DPT SENSITIVITY (mv/Pa)
INLET PRESSURE (KPa)
FLOW RATE (ml/min)
VISCOMETER OFFSET (ml)
ACQ. START TIME (min)
ACQ. STOP TIME (min)
DATA INTERVAL (sec)
SIGMA (ml)
TAU (C)
TAU (V)
THRESHOLD
METHOD : UCAL-BROAD
CAL FILE 2-9-96
MARK-HOUWINK CONSTANTS
ALPHA -.128
LOG K -.845
.980
.100
.171
43.878
1.000
.119
5.000
25.000
2.400
.150
.095
.103
.050
1..983E 3
2,. 165E 3
2,.311E 3
2,.417E 3
2.. 061E 3
MOLECULAR WEIGHT VALUES
Mn (avg) =
Mw (avg) =
Mz (avg) =
Mp
Mv (avg) =
POLYDISPERSITY RATIOS
Mw/Mn = 1.092
Mz/Mn = 1.165
SKEWNESS OF DISTRIBUTION
SKEW(n) = -.105
SKEW(W) = 2.03 5
INTEGRATED DETECTOR SIGNALS
CONC (mv-ml) = 2.51
VISC (mv-ml) = 1.41
BASELINE X
L. VISC 246
R. VISC 381
IV (dl/g)
VISCOTEK MODEL*
.077
100
L. CONC
R. CONC
246
346
UCAL 3 . 14
pma ENDED:
UNICAL SUMMARY REPORT
Y
-373.32
-373.32
.20
.20
02/18/96 02:29: poly(maleic anhydride)
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FT-IR peak readings
Zr(adsp)(dsp)
X: 3601 4000 400 1.00 7.24 81.97 T AC10
(zr)-NH2 alx ligand
REF 4000 41.87 2000 58.91
1729 44.4 1610 7.2
1446 21.1 1381 28.1
1123 37.6 921 40.0
807 43.7 936 42.9
END 18 PEAKS FOUND
1580 20.8 1943 11.7 1471 19.2
1319 19.6 1193 27.8 1149 30.9
891 39.1 819 44.3 793 29.4
447 43.0
Zr-PMA pendant polymer
X: 3601 4000 400 1.00 30.98 94.20 T AC20
pedant polyaar
REF 4000 91.61 2000 92.99
3859 46.8 3822 48.4 3690 49.9 3423 40.9 1779 42.8
1709 39.2 1611 31.0 1644 34.7 1473 41.9 1388 40.7
1200 40.3 761 49.6
END 12 PEAKS FOUND
By product Zr(dsp)2
& 3601 4000 400 1. 00 48.88 100.50 T AC10
Zr (dap) 2 C fay ?f< ,tot)
REF 4000 87,,27 2000 99.76
2912 87.9 2846 89.7 1610 48.9 1580 74.0 1943 62.8
1471 67.0 1448 81.0 1382 83.4 1316 76.4 1196 82.4
1150 83.6 1123 92.4 924 86.4 819 90.6 762 77.9
536 86.9 447 90.6
END 17 PEAKS FOUND
60
Authentic Zr(dsp)2
% 3601 4000 400 1. 00 27. 53 99,,61 T AC10
Authentic Zr (dsp) 2
REF 4000 74,,53 2000 91.12
2916 75.8 2846 80.7 1611 27.5 1580 56.5 1543 42.9
1471 48.5 1447 68.3 1362 74.3 1317 62.6 1196 69.6
1149 73.1 1123 84.2 929 77.7 849 80.7 815 80.7
751 62.2 608 84.4 589 86.8 536 76.9 479 89.2
446 80.7
END 21 PEAKS FOUND
30% by mole of zirconium pendant terpolymer
K 30I 4008 400 1 .00 9. 13 61 .76 T AC4
SOttr PNOA-OA0C-OOA
1949 S3. 4 1783 17.8 1698 9.4 1610 8.6 1943 8.9
1499 8.1 1471 16.6 1447 20.9 1407 16.4 1384 83.9
1307 19.1 1833 10.6 1190 26.9 1188 89.7 1089 49.1
1014 43.9 383 44.3 984 38.4 873 34.1 698 34.4
833 33.1 739 88.1 61 38.4 608 38.6 998 39.1
B3C 39.6 908 40.9 488 39.9 448 38.7 480 49.1
END 30 PCAK8 FOUND
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Appendix D
TABLE OF ABBREVIATION
acac
AO
AOR
Cp
DCC
ISS
LEO
MADA
NMP
ODA
ox
PA
PI
PMA
PMDA
Zr(acac)4
Zr(adsp)(dsp)
Zr(dsp)2
acetylacetonato(l-) ligand
atomic oxygen
atomic oxygen resistant
pentahaptocyclopentadienyl( 1 -) ligand
dicyclohexylcarbodiimide
International Space Station
Low Earth Orbit
mellitic acid dianhydride
N-methy1-pyrrolidinone
oxydianiline
oxalato(2-) ligand
polyamic acid
polyimide
poly(maleic anhydride)
pyromellitic dianhydride
tetra(acetylacetonato)zirconium(IV)
(4-amino-N,N'
-disalicy
lidene- 1 ,2-phenylenediaminato)(N,N ' -
disalicylidene- 1 ,2-phenylenediaminato)zirconium(IV)
bis(N,N'
-disalicy
lidene- 1 ,2-phenylenediaminato)zirconium(IV)
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